The bromodeoxguridine (BrdU) incorporation technique for immunocytochemical labeling of S-phase nuclei was optimized for the study of chromaffin cell proliferation. Sequential fiation in ethanol followed by paraformaldehyde, and the use of DNAse to render incorporated BrdU accessible to antibody, permitted permanent double staining for BrdU and tyrosine hydroxylase. The efficacy of the technique was demonstrated in microcultures of dissociated neonatal
Introduction
Rat adrenal chromaffin cells have recently been shown to proliferate throughout life, and it has been suggested that increased prolifetation may serve as a backdrop for the development of a'drenal pheochromocytomas (15) . Autoradiographic studies of cultures of purified chromaffin cells have shown incorporation of [ 3H]-thymidine into replicating nuclei in response to nerve growth factor (NGF), fibroblast growth factor (FGF), and other mitogens (1, 6, 11) . These findings suggest that chromaffin cell cultures may provide important insights into developmentally regulated mechanisms that control cell proliferation in the peripheral nervous system in vivo, and into ways in which those mechanisms become deranged during the development of PNS tumors. However, the use of autoradiography and the need for subjective discrimination of chromaffin cells from other contaminating cell types have made these experiments tedious to perform.
To circumvent these difficulties, we have adapted an immunocytochemical labeling system based on incorporation of bromodeoxyuridine (BrdU) in place of thymidine ( 5 ) to study the replication of chromaffin cells identified by simultaneous staining for tyrosine hydroxylase (TH). Our protocol employs a novel sequential fixation in ethanol followed by paraformaldehyde, together with a modification of previously described DNAse digestion, to optimize staining for both antigens. We have applied the method to microcultures of neonatal rat chromaffin cells in both the presence and absence of serum, and have observed growth factor re- sponsiveness similar to that previously demonstrated by autoradiography.
Materials and Methods
Optimal fixation and staining conditions for demonstration of BrdU together with TH were determined from a series of preliminary experiments with PC12 pheochromocytoma cells and then applied to cultures of neonatal rat chromaffin cells. The preliminary experiments demonstrated that appropriate fixation was critical for a successful outcome. Fixatives that were evaluated included 70-95% ethanol in distilled water, acid ethanol (95% ethanol plus 5 % acetic acid), 4% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.3. composed of 0.12 M NaCI, 0.01 M Na2HP04, and 0.003 M KH2P04) and 70-95Oh ethanol followed by paraformaldehyde. Bouin's and Camoy's fixatives were also tested. In the final protocol, S-phase cells were labeled overnight by supplementation of the culture medium with BrdU (Sigma; St Louis. MO; 10 wM, from a x 1000 solution in distilled water). After the labeling period, the cultures were rinsed in Hank's balanced salt solution (HBSS) and fixed for 10 min in 90% ethanol in distilled water, followed immediately by 4% paraformaldehyde in PBS. They were then rinsed in PBS and incubated for 15 min at room temperature in 1.5% normal horse serum in PBS. Subsequent steps included incubation for 1 hr at 37'C in mouse monoclonal anti-BrdU (Becton-Dickinson, San Jose, CA; 1:lOO in PBS) containing DNAse 1 (Sigma; 50 pg/ml), followed by 30 min at room temperature in biotinylated horse anti-mouse IgG (HAM, 1:200 in PBS; Vector, Burlingame, CA), and 30 min at room temperature in avidin-biotin-alkaline phosphatase complex (in PBS, from a Vector ABC Kit). PBS rinses were performed between each of these steps.
After the final step the cultures were rinsed in distilled water and a reaction product was then developed by incubation for approximately 5 min in a freshly prepared solution of Vector Alkaline Phosphatase Black substrate in 0.1 M Tris buffer, pH 9.5. The cultures were then rinsed again, incubated for 15 min in 0.3% Triton X-100, and incubated overnight in monoclonal mouse anti-TH (1:500 in PBS; INCSTAR, Stillwater, MN). A TISCHLER, RUZICKA, RISEBERG second round of biotinylated HAM and ABC alkaline phosphatase was then applied, and a second alkaline phosphatase reaction product was developed using a "Histomark Red" substrate kit (Kirkegaard & Perry Laboratories; Gaithersburg, MD). The double labeling protocol was applied to cultures of neonatal rat h m & i cells to determine whether it could detect responses to the known chromaffin cell mitogens NGF and FGF. Whole adrenal glands from 3-5day-old Sprague-Dawley rats (Charles River Laboratories; Wilmington, MA) were dissociated in collagenase (Collagenase A; Boehringer-Mannheim, Indianapolis, IN, 1 mglml in Hank's balanced salt solution), collected in 10 ml of RPMI 1640 medium with 10% heat-inactivated horse serum and 5% fetal bovine serum, and centrifuged at 500 x g for 5 min. They were then either re-suspended in the above medium or rinsed three times in HBSS and re.suspe;lded in ~p m 1640 con-defined components ofa commercial supplement that had appeared promising in pre-liminarY 'Ixdies (Mito-P1us; Collaborative Lexington* MA)' The constituents Ofthis that were were transferrin, selenium combination (ITS; Collaborative Research), epidermal growth factor (0.5 nglml). 0-phosphorylethanolamine (5.6 nglml), triiodothyronine (0.2 pglml), and physiologically occurring steroid hormones (hydrocortisone, progesterone, testosterone, and 17P-estradio1, each 0.4 ng/ml). Subsequent experiments tested the effects of eliminating insulin, which may be permissive for other mitogens or may itself be mitogenic (2). or of replacing it with insulin-like growth factor I (recombinant human IGFI, 10 nM; Collaborative Research). The serum-free medium was also supplemented with fibronectin (5 pglml, collaborative Research), which appeared in preliminary studies to promote cell attachment, and with dexamethasone (1 pM), a potent synthetic corticosteroid known to be a chromaffii cell survival factor (4). Duplicate wells in senun-containing and serumfree cultures were supplemented with saturating concentrations of 2.5 S mouse salivary gland NGF (100 nglml, prepared as described by Mobley et al. (S) ]. andlor recombinant human basic FGF (20 n g / d , Bachem, Torrance, CA) or were maintained as controls. The cells were plated in eightwell Lab-Tek chamber slides (Nunc; Naperville, IL) that were coated with laminin (1 pglwell; Collaborative Research), at a density of approximately 10, OOO cells per well in 0.5 ml ofmedium. Approximately 10% ofthe plated cells were judged to be chromaffin cells by glyoorylic acid-induced fluorescence (3) of cytocentrifuge preparations ofthe cell suspensions from representative dissociations. Chromaffii cell yields were estimated between approximately 5000 and 15,000 chromaffii cells per adrenal by this method.
Cultures were maintained at 37'C in a water-saturated atmosphere of growth factors (488-836 cells scored). These responses are comparable to those reported with autoradiographic labeling in serumcontaining cultures from animals of the same age and the same duration in vitro (1,6,11) . In serum-free cultures supplemented with the entire combination of medium constituents initially tested, there were no chromaffin cells labeled in control medium. In contrast, 4.9 2 1.1% were labeled in cultures with NGF, 17.4 * 1.2% with FGF, and 17.5 * 1.3% with both (425-965 cells scored). In a subsequent experiment, there were few or no labeled chromaffin cells 
Discussion
95 % air and 5 % CO2 for 3-5 days, then labeled and stained for BidU and TH as described above. S-phase chromaffin cells were quantitated by placing stained chamber slides on a mechanical stage of a light microscope, sEanning from left to right, and visually scoring consecutively THpositive cells for the presence or absence of BrdU staining. Percentages of positive and negative cells were calculated for pooled counts from duplicate wells.
Results
BrdU-labeled chromaffin cells were readily distinguished from labeled and unlabeled cells of other types in the heterogeneous cultures by the combination of small black nuclei and pink-red cytoplasm. In contrast, unlabeled chromaffin cells showed pink cytoplasm surrounding colorless nuclei, while both large fibroblastlike cells and small cells which may have been of microvascular or cortical origin could be observed with black nuclei and unstained cytoplasm (Figure 1) .
In cultures containing serum, 1.9 * 0.5% of chromaffin cells showed BrdU labeling in control medium, vs 7.4 f 1.2% in medium with NGF, 17.2 * 1.7% with FGF, and 20.5 * 1.4% with both our fmbP suggest that i"ung.tochemi~ labeling may grady facilitate studies of mechanisms that regulate chromaffi cell prohferation and may aid in the development of media suitable for Of variations Of the BrdU labeling t d q u e have been described for detection of BrdU alone or in combination with other antigens (5,9,10) . We have found that sequential fixation in ethanol followed by paraformaldehyde is critical for obtaining interpretable double staining for BrdU and TH with the antibodies and other reagents that we have employed. This technique has, to our knowledge, not been part of other double labeling protocols. The use of DNAse rather than harsh treatments such as strong acids and pepsin digestion to render incorporated BrdU accessible to staining facilitates double labeling and is an important feature of a commercial BrdU labeling kit (Amersham; Poole, UK). We have modified the DNAse technique by employing frozen, single-use DNAse aliquots which can either be added to the anti-BrdU at the time of its use or employed in a separate digestion step before application of the antibody. This modification provides greater flexibility for long-term antibody storage than the combined antibody-DNAse solution commercially available.
A
The blacklred color combination for BrdU and TH, and the particular reporter enzymes and substrate kits that we employ, were chosen to maximize visual impact, to minimize nonspecific staining, and to prevent stained cytoplasm from obscuring labeled nuclei. The ux of alkaline phosphatase as the reporter enzyme for both antigens is possible because the antigens are localized in separate cell compartments and because the abundance of immunoreactive TH causes the cytoplasm to become red before appreciable redness can develop in the already black nuclei as a result of persistent alkaline phosphatase activity linked to BrdU. The sequence of blacklred staining and the use of appropriately diluted reagents are important to prevent color mixing. Minor lot-to-lot variability in any of the reagents may occasionally necessitate minor adjustments of the dilution factors. Streptavidin-alkaline phosphatase conjugates can be employed in place of the ABC system. The advantage of using alkaline phosphatase as the reporter enzyme for TH is that subpopulations of chromaffin cells can be identified by the use of additional antibodies with peroxidase and diaminobenzidine as the reporter system (14). Satisfactory red cytoplasmic staining for TH may, however, be obtained using peroxidase and aminoethylcarbazole (Vector) as the reporter.
Although the principal purpose of the present report is to describe the double labeling method for BrdU and TH, our findings also suggest that the method might be advantageously combined with the use of microcultures to define the factors required for proliferation of chromaffin cells in serum-free medium. RPMI 1640 was selected as our base medium because it has been employed in other studies of cultured rat chromaffin neonatal rat cells in our laboratory (12-14). We have shown that over a short period in vitro, chromaffin cells in the absence of serum respond to the known mitogenic factors NGF and FGF, similarly to those in medium with serum. Since our cultures were heterogeneous, the possibility that observed mitogenic effects were to some extent indirect and mediated by other cell types can not be entirely ruled out. However, comparable &cts have been reported in highly purified chromaffh cell cultures (~6.11). Additional preliminary experiments suggest that steroid hormones, T3, and EGF are not required for proliferation of chromaffh cells during this short period in vitro, although long-term effects of their deletion on both proliferation and function remain to be determined. A major problem with serum-free cultures in our experience has been cell detachment. This appears to be preventable to some extent by the presence of fibronectin in the medium. Other investigators have also recently described short-term proliferation of chromaffin cells in relatively simple serum-free medium, using a comparable immunocytochemical labeling method based on immunofluorescence. Permanent staining may offer advantages over fluorescence in terms of both convenience and permanent documentation. The double labeling method has also been used in our laboratory to study proliferation of adult rat and adult human chromaffin cells in the presence of serum (12).
